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ABSTRACT
Local heat transfer measurements were taken for the stagnation region of a free
surface, axi-symmetric jet of distilled water impinging upon a heated copper
surface. The effect of jet velocity (1 .5m/s < Vn < 3.5m/s) and liquid subcooling
(20C < ATSUb ^ 75C) were studied on both single-phase and nucleate boiling
flow regimes. As expected, the single-phase heat transfer coefficient was
directly affected by jet velocity, while subcooling produced only minor changes
due to temperature dependent fluid properties. The heat flux required for boiling
incipience was directly related to both jet velocity and subcooling, with a
significant increase noticed in the event of single-phase temperature overshoot.
This temperature excursion was noted at high subcoolings (60C < ATSUb ^ 75C),
and appeared to increase with jet velocity (Vn = 3.5m/s). The fully developed
boiling data was independent of both jet velocity and liquid subcooling, and is
correlated by the expression q"=70*ATsat30 with a standard deviation of 1 .31C.
The effect of hysteresis was studied by obtaining data for increasing and
decreasing heat fluxes at each condition. With a jet velocity of 3.5 m/s,
subcooling of 20C, and heat flux of 2.43 MW/m2, the wall superheatwas seen to
vary in excess of 8.5C depending on direction of the changing heat flux. A
single data point was obtained in the CHF regime at the minimum jet velocity (Vn
= 1 .5m/s) and liquid subcooling (ATSUb = 20C) at a heat flux of 4.48 MW/m2.
VI
NOMENCLATURE
B = Bias Limit [%]
Cp = Specific Heat [J/kg-K]
D = Nozzle Diameter [m]
G = Nozzle Mass Flux [kg/m2-sec]
g = Gravitational Acceleration [m/s2]
h = Heat Transfer Coefficient [W/m2-K]
H = Nozzle Height [m]
hfg = Heat ofVaporization [J/kg]
k = Thermal Conductivity [W/m-K]
L = Nozzle Length [m]
P = Precision Limit [%]
P = Pressure [N/m2]
Q = Volumetric Flow Rate [m3/sec]
q"
= Wall Heat Flux [W/m2]
r = Heater Position [m]
T - Temperature [C, K]
TRuid - Bulk Fluid Temperature [C]
Tsat - Liquid Saturation Temperature [C]
Twaii - Wall Temperature [C]
U = Uncertainty Limit [%]
Vjet = Jet Velocity [m/s]
Vnoz = Nozzle Velocity [m/s]
Ml
AT - Temperature Difference = Twaii - Trim [C]
ATex - Temperature Excursion [C]
ATSat - Wall Superheat = Twaii - TSat [C]
ATSub - Liquid Subcooling = TSat - TFiuid [C]
Greek Letters
Ii = Viscosity [N-s/m2]
v = SpecificVolume [m3/kg]
p = Density [kg/m3]
a = Surface Tension [N/m]
Dimensionless Parameters
Bo = Boiling Number
Nu = Nusselt Number
Pr = Prandtl Number
Re = Reynolds Number
Subscripts
f = Fluid
FDB = Fully Developed Boiling Condition
g = Gas
Io = Single-Phase
ONB = Onset of Nucleate Boiling Condition
tp = Two-Phase
Vlll
Table of Contents
Copyright Information ii
Permission to Reproduce iii
Forward iv
Abstract v
Nomenclature vi
1. Introduction 1
1 . 1 . Objective 1
1.2. Boiling Overview 2
1.2.1. Heterogeneous Nucleation 2
1.2.2. The Boiling Curve 3
1.2.3. Onset of Nucleate Boiling 5
1.2.4. Partial Boiling 6
1.2.5. Fully Developed Boiling 6
1.2.6. Critical Heat Flux 7
1.3. Jet Impingement Overview 7
1.3.1. Types of Jet Impingement 7
1.3.2. Impingement Geometry 8
1.3.3. Impingement Hydrodynamics 10
2. Literature Overview 12
2.1. Single-Phase Jet Impingement 12
2.1.1. Typical Results 12
2.1.2. Surface Structure 13
IX
2.1.3. Nozzle Geometry 16
2.1.4. Specialized Fluids 17
2.2. Jet Impingement Boiling 17
2.2.1. Onset of Nucleate Boiling 18
2.2.2. Temperature Overshoot 21
2.2.3. Fully Developed Nucleate Boiling 23
2.2.4. Hysteresis 25
2.2.5. Critical Heat Flux 26
3. Experimental Setup 28
3.1. Flow Loop 28
3.1.1. Basin 29
3.1.2. Return Section 30
3.1.3. Conditioning 30
3.1.4. Supply Section 31
3.2. Test Section 33
3.2.1. Heater Assembly 33
3.2.2. Nozzle Assembly 36
3.2.3. Instrumentation 37
3.3. Power Supply 38
3.4. Data Acquisition 39
3.4.1. Hardware 39
3.4.2. Software 40
4. Experimental Procedure 42
X5. Data Reduction 44
5. 1 Temperature Profile 44
5.2. Heat Flux 44
5.3. Jet Velocity 45
5.4. Heat Transfer Coefficient 46
5.5. Dimensionless Parameters 46
6. Experimental Results 48
6.1. Single-Phase Data 48
6.2. Onset of Nucleate Boiling Data 49
6.3Temperature Excursion Data 50
6.4.Fully Developed Boiling Data 51
6.5. Critical Heat Flux Data 52
6.6. Hysteresis 52
6.7. Explanation of Figures 53
6.7.1. Figure (6.1) 53
6.7.2. Figures (6.2) and (6.3) 53
6.7.3. Figure (6.4) 54
6.7.4. Figures (6.5) and (6.6) 54
6.7.5. Figures (6.7) 54
7. Discussion 62
7.1. Onset of Nucleate Boiling 62
7.2Temperature Excursion 63
7.3. Fully Developed Boiling 64
XI
7.4. Hysteresis 66
7.5. Critical Heat Flux 66
8. UncertaintyAnalysis 68
8.1. Bias Limit 68
8.2. Precision Limit 69
8.3. Uncertainty Limit 69
8.4. Summary 69
9. Conclusion 75
9.1. Further Research Needs 75
Appendix A - Data 78
References 86
1. Introduction
Jet impingement heat transfer can loosely be defined as using a jet of fluid to
strike a heated surface in order to produce a desired amount of cooling. Such
systems have found important industrial applications in the cooling of high
power electronics, nuclear components, and metal processing equipment. In
many of these fields, limitations in heat transfer are preventing further
technological growth. For this reason, it is important to characterize such
cooling systems, with the ultimate goal of enhancing their capacity.
Much of the early work in jet impingement concentrated on single-phase heat
transfer, utilizing either pure liquids or gasses. This mode of cooling was
capable of producing much higher heat transfer coefficients than any other
form of forced convection. Further enhancements were discovered through
operation under the nucleate boiling regime. The combined effects of these
two applications have been found to produce heat transfer coefficients
approaching 100,000W/m2-K.
1.1. Objective
The objective of the current work is to begin a comprehensive study of jet
impingement enhancements within the Rochester Institute of
Technology's Thermal Analysis Laboratory. The present work seeks to
examine the effects of jet velocity and liquid subcooling on the single-
phase and nucleate boiling regimes of jet impingement heat transfer,
paying particular attention to such phenomena as the single-phase
temperature overshoot and the effect of boiling hysteresis. This has been
achieved through both an experimental investigation and a
comprehensive literature review. Recommendations for future research
are made in the conclusion to this thesis.
1 .2. Boiling Overview
The phenomena associated with boiling are of particular interest to this
study. It is therefore necessary to provide a brief review of the underlying
theory and terminology used throughout the remainder of this thesis.
1.2.1. Heterogeneous Nucleation
In this study, a liquid jet of distilled water is used to extract energy
from a heated copper surface. Since this water is subcooled, or at
a temperature less than its saturation point, it requires additional
energy in order to initiate boiling. The temperature difference
between the water jet and the heater surface generates a
temperature gradient within the liquid layer above the heater. The
nature of this gradient causes the water nearest the heater surface
to begin boiling first.
The existence of surface cavities provides a second reason for
boiling to initiate on the heater surface. These cavities are capable
of trapping vapor and gas, which nucleates to form a surface
bubble when sufficient heat is added. Figure (1.1) shows the effect
of the temperature gradient in the region of an active cavity. As the
temperature of the liquid film above the heater rises, the bubble is
able to expand outside of the cavity. Eventually, it grows
sufficiently large such that its buoyancy force outweighs the effect
of surface tension, allowing the bubble to detach and enter the flow
of liquid. Once this happens, the bulk fluid enters the unoccupied
space and the cycle will begin to repeat itself.
These cavities occur naturally on the surface, but their structure,
size, and quantity can be enhanced by such means as roughening
the material, adding a sintered coating, or by laser drilling holes.
The range of sizes of these cavities affects the wall superheat
required for bubble growth to begin.
1.2.2. The Boiling Curve
The boiling curve, as seen in Figure (1 .2), is a useful tool in
identifying the phenomena associated with boiling heat transfer.
This chart shows the heat flux vs. the wall superheat, or the wall
temperature in excess of the liquid saturation temperature.
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Figure 1.1. - Bubble Growth at Active Surface Cavity
{Reprinted from Carey, V.P (1992)}
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{Reprinted from Wolf et al. (1 993)}
1 .2.3. Onset of Nucleate Boiling
Onset of nucleate boiling, or ONB, is defined as the occurrence of
the first bubbles on the heater surface, and is represented by point
(A) in Figure (1 .2). it commonly exceeds the saturation
temperature of the fluid, since thermally stable bubbles are not able
to emerge from the surface cavities immediately upon reaching the
boiling point. This point marks the transition from single-phase to
boiling heat transfer, along with a steady increase in the heat
transfer coefficient.
1.2.4. Partial Boiling
Immediately following the initiation of boiling, there is a transition
region in which bubbles continue to develop on the surface. In the
subcooled bulk liquid, these bubbles tend to collapse since there is
insufficient energy for them to develop fully and detach from the
surface. Within this region, the mode of heat transfer is a
combination of the single-phase and nucleate boiling regimes. This
region is represented in Figure (1 .2) as the segment between
points (A) and (A).
1.2.5. Fully Developed Boiling
Fully developed boiling, or FDB, is characterized by rapid boiling on
the heater surface. Heat transfer within this region is believed to be
insensitive to changes in liquid subcooling and jet velocity. The
bubbles are no longer affected by these parameters, and are able
to fully detach from the surface. This region is represented in
Figure (1 .2) by the log-linear portion of the boiling curve from points
(A') to (B). There is a steady increase in heat transfer coefficient
throughout this region, making it the most effective mode of jet
impingement heat transfer.
1 .2.6. Critical Heat Flux
Although FDB becomes more effective with increasing heat flux,
there is an upper limit referred to as the critical heat flux, or CHF.
This is the point at which a vapor barrier is formed between the
impinging liquid and the heater surface. Heat transfer across this
barrier is primarily natural convection of the vapor, which has a heat
transfer coefficient much less than that seen during FDB. This
phenomenon is associated with a dramatic increase in heater
temperature, leading to its alternate name of burnout, since many
devices are incapable of standing such high temperatures. CHF is
represented by point (B) in Figure (1 .2).
1.3. Jet Impingement Overview
Jet impingement is fundamentally different from any other type of forced
convection, primarily due to its flow field characteristics. Additionally,
there have been a wide variety of jet configurations studied in previous
experiments. The following section is meant to provide an overview of jet
impingement heat transfer.
1 .3. 1 . Types of Jet Impingement
The fundamental differences in types of jet impingement systems
center around the interaction between the jet and the atmosphere it
is entering. Free surface jets, represented by Figure (1.4a) consist
of a liquid jet entering a gaseous environment, such as air, and
impinging on a solid surface. Plunging jets, shown by Figure
(1 .4b), are similar with the exception that the surface is covered by
a film of liquid thicker than that developed by the boundary layer of
the jet. Submerged jets, shown by Figure (1 .4c), eliminate the
liquid/air interface altogether by operating in a pool of liquid, leaving
the top of the pool open to the atmosphere. Confined jets,
represented by Figure (1 .4d), use a plate to create a restriction over
the impingement surface.
D=5.0mm
1.3.2. Impingement Geometry
Jet impingement systems must be characterized according to their
geometry. The following is a list of dimensions used in the current
study, which are represented by Figure (1.3).
Nozzle Diameter (D) = 5.0mm
Nozzle Length (L) = 50.0mm
Nozzle Aspect Ratio (L/D) = 10.0
Nozzle Height (H) = 50.0mm
Height Aspect Ratio (H/D) = 10.0
Heater Radius (r) = 5.0mm
Heater Aspect Ratio (r/D) = 1.0 Figure 1 -Test Dimensions
L=50.0mm
H=50.Omm
Stagnation Point
J=5.
RNozzle
Liquid
a, Free-surface
1
1
Liquid
b. Plunging
Gas
Liquid
Nozzle plate
\^\\\VWX^VXSW\VW>V
c. Submerged
_J:L_
# Liquid *
d. Confined
Figure 1.4 - Jet Configurations
{Reprinted from Wolf et al. (1 993)}
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1.3.3. Impingement Hydrodynamics
As the water exits the nozzle vertically downwards, as seen in
Figure (1 .5), it interacts with the surrounding air, forming a potential
core. The velocity of the jet is greatest within this region. Prior to
striking the impingement surface, the fluid decelerates in the
vertical direction and begins accelerating in the horizontal direction,
leading to a zero velocity condition at the stagnation point. The
pressure at this point is higher than at any other location on the
surface of the heater. This region is referred to as the stagnation,
or impingement zone, and occurs where r/D < 0.5, represented by
region (A) in Figure (1.5).
Outside of this zone, the fluid accelerates radially to just under the
original jet velocity. This is the primary region of development for
the thermal and velocity boundary layers on the impingement
surface. This zone is aptly named the acceleration region, and
occurs between 0.5 < r/D < 2.0, shown by region (B) in Figure (1 .5).
Beyond this point, the velocity decreases linearly to satisfy the
continuity equation. This parallel flow area is represented by region
(C) in Figure (1 .5). In the event of a two-dimensional, rather than
axi-symmetric nozzle, the flowwill be parallel to the surface at a
11
velocity equal to that of the jet. In either case, the effects of the jet
are minimal at heater positions greater than two nozzle diameters
from the stagnation point.
Nozzle
Free surface
Stagnation Point
AA. Stagnation Region
B. Acceleration Region
C Parallel-Row Region
B C
Figure 1.5 - Hydrodynamic Regions
{Reprinted from Wolf et al. (1 993)}
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2. Literature Review
Jet impingement systems have been of great academic and industrial interest
since the 1970's. Numerous studies have been performed under a variety of
conditions, including both single and two-phase flow regimes. Although a
great deal of research has been done in the field, further studies have been
suggested (Wolf et al., 1993). Areas of uncertainty still exist in single-phase
heat transfer, boiling incipience, and fully developed boiling. As such, one of
the objectives of this thesis is to perform a literature review covering previous
studies and future needs in the field of jet impingement heat transfer.
2.1. Single Phase Jet Impingement
Although the primary objective of this study is to review boiling in jet
impingement systems, single-phase heat transfer is still of great industrial
interest, as it represents the most effective type of forced convection. A
wide variety of parameters have been studied, including surface
structure, fluid type, and nozzle geometry. The following is a brief review
of such work.
2.1.1. Typical Results
The single phase heat transfer coefficient is typically greatest at the
stagnation point, decreasing monotonically as a function of radial
position, as seen in Figure (2.1a). A secondary maxima, as shown
13
in Figure (2.1b), has been observed by a number of researchers at
small nozzle-to-plate (H) spacings. Vortex motion and transition to
turbulent flowwithin the parallel flow region of the jet cause this.
r!D or x!2W
{a}
rlDwx!2W
(b)
Figure 2.1 - Streamwise Heat Transfer Coefficient
{Reprinted from Incropera & DeWitt (1996)}
2.1.2. Surface Structure
Studies have shown that altering the surface structure in a forced
convection apparatus can produce significant changes in heat
transfer. This holds true for jet impingement systems as well.
Gabourand Lienhard (1994) examined wall roughness effects on
stagnation point heat transfer in an impinging liquid jet. They
studied RMS roughness heights ranging from 4.7 - 28.2 pirn, listed
in Figure (2.2a), and were able to observe increases in Nusselt
number up to 50%, as shown by Figure (2.2b). They concluded
that even low levels of surface roughness are able to influence heat
transfer by disrupting the thermal boundary layer at the stagnation
14
point. Reducing the Reynolds number, however, has the effect of
enlarging this boundary layer, thereby minimizing the effect of
surface roughness.
SURFACE RMS ROUGHNESS
SI 0.3
S2 4.7
S3 6.3
S4 8.6
S5 13.1
S6 14.1
S7 20.1
S8 25.9
S9 26.5
S10 28.2
Figure 2.2a - Surface Roughness Legend
{Reprinted from Gabour & Lienhard (1994)}
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Figure 2.2b - Effect of Surface Roughness
{Reprinted from Gabour & Lienhard (1994)}
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Priedeman, Callahan, andWebb (1993) also performed a study on
the effect of surface modifications on liquid jet impingement.
Rather than roughened surfaces, however, they analyzed
structured (finned) surfaces of varying size, shape, and density.
For both water and FC-77, they observed that the heat transferwas
highest for the large, sparsely populated fins, and lowest for the
densely packed fins. In addition, they noted that the FC-77 (Pr=28)
showed enhanced heat transfer on all surfaces due to the
disruption of the relatively thick boundary layer by the fins. Water
(Pr=9)T on the other hand, actually showed a decrease in Nusselt
number for some surfaces. Results representative of their study
can be seen in Figure (2.3).
10J
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smooth correlation
* smooth data
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.
i!l*-:
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a pyramidaU A
0 ft \Atr-fT
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-
?
*
?
water (a)
....
Figure 2.3 - Effect of Structured Surfaces
{Reprinted from Priedeman et al. (1993)}
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2.1.3. Nozzle Geometry
Nozzle shape and size has also been shown to influence single-
phase jet impingement to some extent. Garimella and Nenaydykh
(1995) performed a study in which they used a variety of jet
diameters and aspect ratios in a liquid jet impingement system.
Figure (2.4) provides an example of the results obtained during
their study.
12000
J 6000
*
4000
2000
0
I [ j I I { I I I | I 1 I J T" I [ I TJ I I t ) I 1 1 1 1 I T | T
V 0.5
O 1
* 2
a 4
S
,|t,.b..li-ili.iliiili.ultli.linli'
-2.0 -L5 -L0 -0.5 0 0J5 -1.0 L5 Z&
r/d
Figure 2.4 - Effect of Nozzle Aspect Ratio
{Reprinted from Garimella & Nenaydykh (1995)}
Although they used a submerged and confined jet arrangement,
their results indicated that very small nozzle aspect ratios (L/D < 1)
provided the highest heat transfer coefficients. This was explained
17
in terms of flow separation and reattachment within varying nozzle
lengths. Mention was also made that these differences were most
noticeable within one nozzle diameter of the stagnation point. The
use of a jet turbulence parameter was suggested in comparing the
differences in effectiveness between nozzle geometries.
2.1.4. Specialized Fluids
Electronics cooling is perhaps the most highly researched area of
jet impingement. The fluids commonly used in these experiments
have been water and a variety of refrigerants. Their incompatibility
with electronics, however, has necessitated the development of
special packaging. To overcome this, researchers such as
Nakayama and Copeland (1994) have begun studying special
dielectric fluids to enable direct cooling of electronics components.
These fluids (i.e. FC-72, FC-77) have a smaller thermal
conductivity, specific heat, and latent heat of vaporization than
water, but they have still been proven effective in both single and
two-phase jet impingement cooling.
2.2. Jet Impingement Boiling
Wolf, Incropera, and Viskanta (1993) performed a comprehensive review
of jet impingement boiling. In this paper, they compiled the results from
over 100 studies on the effects of certain parameters on jet impingement.
Among their recommendations for further research was a closer look at
18
the phenomena associated with boiling incipience, such as the
temperature excursion (ATex). Additionally, they noted contradictory
evidence in some studies on the effect of jet velocity and liquid
subcooling on fully developed nucleate boiling. The following is a brief
summary of their conclusions for jet impingement systems similar to the
one used in the current study.
2.2.1 . Onset of Nucleate Boiling
Few studies have concentrated specifically on boiling incipience in
jet impingement systems. Vader et al. (1992) attempted to identify
ONB through both surface temperature measurements and high
speed photography. These readings, which were obtained in the
parallel flow section of the jet, were compared to the following
expression proposed by Hsu (1962).
hfckf 2
# osb = T~^ \^sat)oxb
Equation (2.1)
It was determined that both the above expression and the
photographic results would overestimate the required wall
superheat due to the presence of noncondensible gasses and the
extremely small size of the bubbles in a highly subcooled flow.
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Similary, Shibawama et al. (1979) observed boiling incipience at
the stagnation point of an axi-symmetric, free surface jet of water.
ONB was defined as the observance of the first bubbles on the
heater surface. The following equation is a modified expression of
that provided above by Hsu, and was shown to correlate the data
well.
, r rr 7 ^ {'~>"L SAT >ONB\6oTSAT\u -uf)
Q OXB ~ , s rr, T 1 ^ )
Equation (2.2)
Wolf et al. (1995) observed that the location of ONB moved radially
inward with increasing heat flux. Upon the establishment of boiling
at the stagnation point, the entire surface of the heaterwas in a
state of fully developed nucleate boiling. This can be seen in
Figure (2.5).
Nonn et al. (1989) found ONB to occur at higherwall temperatures
with increasing jet velocity. A mixture of FC-72 and FC-87 was
used in a circular, free surface jet arrangement. In this study, ONB
was found to be independent of both nozzle diameter and number
of jets. Through varying the jet velocity between 3.2 - 6.4 m/s,
20
differences of 20% for heat flux and 10C in wall superheat were
found.
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Using a planar, confined jet of FC-72, Mudawar and Wadsworth
(1 991 ) found that increases in both jet velocity and subcooling
caused increases in the heat flux and wall superheat required for
ONB. Itwas also noted that differences in nozzle width had a
similar effect, although on a smaller scale.
2.2.2. Temperature Overshoot
Temperature excursions have been noted in studies such as those
using refrigerant by Ma and Bergles (1983). This is the
phenomenon in which decreases in wall superheat are seen with
increasing heat flux, as seen in Figure (2.6). These differences
have commonly been reported as being only a few degrees, with
less significant changes occurring at higher jet velocities and liquid
subcoolings. Both Miyasaka and Inada (1980) and Vader et al.
(1992) have observed similar phenomena in the stagnation and
parallel flow regions of jet impingement systems using water.
As suggested by Bar-Cohen and Simon (1988), this overshoot may
be caused by a lack of active nucleation sights on the heater
surface. Therefore, boiling may begin in only a limited number of
cavities. Once boiling has begun, vapor may enter the flooded
surface cavities, reducing the wall superheat through increased
22
boiling. The following equation was derived based on ONB and
FDB relationships.
AT =
h4f(^)-7^(^)L-
f " \Vnq OXB
V c j
2cr
Pq
~i~ Pnoncondensble
1"
Equation (2.3)
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X
ATS=(^*)
rutty-developed
nock&te boiling
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singlc-phisc
convection
Wall Superheat log AT,itl
Figure 2.6 - Temperature Overshoot
{Reprinted from Wolf et al. (1993)}
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2.2.3. Fully Developed Nucleate Boiling
Jet impingement heat transfer in the FDB regime has commonly
been found to be independent of parameters such as subcooling
and jet velocity. Instead, it appears to depend only upon wall
superheat and heat flux, as represented by the following
expression.
a"
-
CAT"
H FDB ^LX1SAT
Equation (2.4)
The parameters "C" and un" differ from system to system, but they
are closely related to those obtained through pool boiling
experiments. In other words, the effect of the jet is negligible within
the FDB regime and pool boiling tends to become the predominant
mode of heat transfer. Rohsenhow (1 952) established the following
expression for nucleate pool boiling.
FDB
fk.fg
-i0.5
<7
s(pf-pg) c
C
pJ^SAT
h
fg J
Pr/*
Chopper) = .0130
n(Copper) = 1.0
Equation (2.5)
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Despite these findings, Monde and Okuma (1985) observed a
definite influence of changing velocities using a saturated jet of R-
1 1 3. They found that with extremely low flow rates, the amount of
heat extracted from the surface can be sufficiently close to the
amount of energy needed to vaporize the incoming supply of
saturated liquid. This condition, which is closely related to CHF,
actually reduces the amount of liquid available to cool the surface,
and can be represented by the following expression.
q"nD2heater_hfgpfVnnd_Jet
Equation (2.6)
While performing jet impingement experiments using water-
surfactant mixtures, Katsuta and Kurose (1981) noticed a decrease
in wall superheat corresponding to a decrease in jet velocity. Ma et
al. (1989) found similar results while performing quench
experiments using pure water. Conversely, Cho and Wu (1988)
have found the opposite effect while studying jets of R-1 1 3 at a
variety of flow rates. They were able to show increases of up to
9C in wall superheat within their range (0.7 - 8.2 m/s) of
increasing jet velocities.
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The effect of liquid subcooling on FDB has also received its fair
share of attention. Copeland (1970) found no dependence upon
fluid temperature while testing water at subcoolings of4 and 78C.
Monde and Katto (1978), however, noted differences in the boiling
curve at lower wall superheats with regards to various subcoolings
of R-1 13. Nonn et al. (1989) have also identified that moderate
changes in subcooling can effect boiling heat transfer at certain
heat fluxes.
2.2.4. Hysteresis
Hysteresis in jet impingement, as seen in Figure (2.7), has been
studies by Ma and Bergles (1983). In the field of heat transfer, this
is defined as a change in boiling characteristics relative to the
direction of changing heat flux. In this study, only small differences
in wall superheat were seen between increasing and decreasing
heat flux using a submerged jet of R-1 13. When a change was
noticeable, however, the decreasing heat flux data tended not to
follow the temperature overshoot seen with increasing heat flux.
This effectwas observed most often in the area of boiling
incipience, where the wall temperatures required to initiate and stop
boiling were found to differ slightly.
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Nonn et al. (1988) observed similar behavior with a jet of FC-72.
Cycles of increasing followed by decreasing heat flux were
performed twice, rather than just once. They found their
decreasing heat flux data to lie coincident with the increasing heat
flux data. Upon increasing the heat flux a second time, however,
their data took a separate path. This was probably caused by a
change in the number of active nucleation sites caused by the
original boiling. They also noted that the effect of hysteresis
decreased with an increasing number of jets.
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Figure 2.7 - Effect of Hysteresis
{Reprinted from Ma & Bergles (1983)}
2.2.5. Critical Heat Flux
The event of critical heat flux is not of main concern in the current
investigation. The single occurrence that did take place was
27
unintentional (for safety purposes). A comprehensive review of
CHF was performed byWolf et al. (1 993). For the record, however,
there are four types of CHF observed in jet impingement systems.
The L-regime is similar to the situation discussed earlier in which
the amount of heat extracted from the heater exceeds the amount
of energy to vaporize the incoming fluid. The V-regime occurs at
higher mass flow rates and shows a dependence upon jet velocity.
The l-regime shows no dependence upon velocity and occurs only
at elevated pressures. Lastly, the HP-regime does show
dependence upon velocity, but occurs only at very high pressures.
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3. Experimental Setup
The primary objective in creating a test apparatus for this study was
adaptability. Itwas important that the system be suitable for future testing in
various types of jet impingement. Therefore, by changing only a few of the
critical components, it will be possible to perform experiments by altering a
variety of parameters such as fluid type, surface structure, and nozzle
geometry.
The main elements of the test apparatus include the flow loop, test section,
power supply, and data acquisition system. Many developmental changes
have taken place from the conception to the completion of this system, but all
results have been obtained using the most recent experimental setup.
3.1. Flow Loop
The flow loop, as shown in Figure (3.1), is the most extensive element of
the system, in both size and number of elements. Its purpose is to supply
clean, subcooled water to the test section at a given flow rate.
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Figure 3.1 - Flow Loop
3.1.1. Basin
The first part of the flow loop was constructed simply for excess
water storage. It is an 18" x 18" x 12" lexan basin, shown in Figure
(3.2), which is actually an integral part of the test section (overall
dimensions: 1 8" x 24" x 24"). Since this flow loop is open to the
atmosphere, it is necessary to supply enough water to compensate
for evaporative losses over the 8-12 hour test procedure. This
large volume ofwater provided a few additional benefits. First of
all, it represented a large thermal mass, reducing the effect of the
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heater on the bulk fluid temperature. Secondly, the stagnant water
allowed unfiltered contaminants to collect at the bottom of the tank
before re-entering the flow loop. Lastly, although liquid
gassification was not measured or controlled as part of this study,
the large basin allowed for the heated water to release some
amount of dissolved gases. At the bottom of the basin was a valve
through which the water re-entered the flow loop.
3.1.2. Return Section
After exiting the basin, the water enters the return portion of the
flow loop, shown in Figure (3.3). This consists of a control valve,
pump, and flow meter. Since the system is open to the
atmosphere, it is necessary to control the flow in and out of the
basin independently. Therefore, a Grundfoss fractional horsepower
centrifugal pump was used in conjunction with a control valve to
regulate the outflow. An Omega FL-1503A flow meterwas used to
compare this flow rate with the inflow in order to prevent the
recirculator from flooding.
3.1.3. Conditioning
Upon exiting the flow meter, the water enters the conditioning
section of the flow loop, also shown in Figure (3.3). The first of the
two components in this section is a VWR Scientific Model 1 167
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recirculating water bath. This unit is capable of maintaining very
precise supply water temperatures through an internal
heating/cooling control algorithm. Although it has an internal pump,
the pressure drop throughout the remainder of the system
exceeded its capacity to provide a sufficient flow rate, necessitating
the use of the additional return and supply pumps.
The second component in the conditioning section is a Flotec
cartridge water filter with a 5-um sediment filter. After preliminary
experimentation, it was determined that fouling of the heater
surface was causing significant problems with surface temperature
estimation. After incorporating this water filter into the flow loop,
these problems were reduced substantially.
3.1.4. Supply Section
After leaving the conditioning section of the flow loop, the water
enters the supply portion, as shown in Figure (3.2). Similarly to the
return section, it consists of a pump, flow meter, and control valve.
The pump in this case is a stainless steel Pulsafeeder 1/3
horsepower centrifugal pump. Upon exiting the pump, the water
enters a straight section of C-PVC pipe as required by the flow
meter to ensure a fully developed flow profile. The flow meter is an
Omega FTB-101 turbine flow meter used in conjunction with an
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FLSC-28 signal conditioner. A control valve is used to regulate the
flow entering the test section to obtain the desired jet velocity.
Figure 3.2 - Basin, Supply, & Test Section
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Figure 3.3 - Return, Conditioning Section, & DAQ Module
3.2.Test Section
The test section, as shown in Figures (3.4) and (3.5), is the center of the
experimental setup. It is composed primarily of a heater assembly,
nozzle assembly, and instrumentation.
3.2.1. Heater Assembly
The heater used in this study was a 120 VDC Watlow FIREROD
cartridge heater with dimensions ofO0.5" x 3.0". Its Incolloy sheath
enables it to withstand temperatures in excess of 1300F, while its
34
high temperature swegged in leads provide an additional measure
of thermal protection.
The cartridgewas placed inside a 99% oxygen free copper
cylinder. This highly purified form of copper was chosen due to it's
extremely high thermal conductivity, melting point, and resistance
to high temperature corrosion. Itwas machined into an upper and
lower section, whose bottom encloses the heater
(O1.0"
x 3.0"),
while the top tapers into a stem (O10.0mm x 25.0mm) which has
four holes drilled at 5mm intervals from the surface. The top
surface of the copper, which acts as the impingement surface, was
polished with progressive grades of emery paper, 5-p.m, and 1-um
aluminum polishing solution.
Figure 3.4 - Test Section
Figure 3.5 - HeaterAssembly
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The copper heater stem is fastened into a disc of Torlon
(O2.0"
x
0.75"), a polymer which was chosen for its exceptional high
temperature characteristics. The assembly was then epoxied to a
sheet of Bakelite plastic placed in the upper portion of the basin,
while the bottom of the assembly has been enclosed in
2" thick
calcium silicate insulation to minimize extraneous heat loss.
3.2.2. Nozzle Assembly
The nozzle assembly consists of a stagnation chamber, nozzle, and
positioning device. The aluminum stagnation chamber
(3.0"
x
3.0"
x 3.0") was constructed to bring all of the incoming water to a stop
before proceeding through the nozzle. In the side of the chamber
there are two available ports. One is currently being used for bulk
temperature readings, while the second is reserved for future needs
(i.e. chamber pressure, vorticity measurements).
Although only one nozzle was used in this study, they are easily
interchangeable via a threaded hole in the bottom of the stagnation
chamber. The current nozzle is made of aluminum with the
dimensions Dinner 5.0mm x 50.0mm. The corners have been
machined square and the inside has been polished with 600-grit
emery paper.
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The stagnation chamber and nozzle assemblies have been
mounted to a micrometer adjustment device. Fine-tuning of the
geometry can be performed in the vertical and horizontal planes by
+7.5mm. This capability was used primarily to center the jet over
the heater.
3.2.3. Instrumentation
The critical information required in this study were estimates of
surface temperature and heat flux through the heater stem. Since
a direct measurement of surface temperature would disrupt the flow
field of the jet, it was not possible to place a thermocouple on the
actual heater surface. Additionally, since there are heat losses
other than from the jet, it is not possible to calculate the heat flux
from the total wattage dissipated by the heater. Each of these
measurements, however, can be estimated through knowledge of
the temperature profile within the heater stem. Four thermocouples
were placed into the holes drilled along the stem to obtain this
profile. The details of this technique will be discussed in the data
reduction section.
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3.3. Power Supply
An Electronics Measurements Inc. TCR150S12 power supply was used
to provide the cartridge heater with 0-1 50 VDC. Although it was
equipped with programmable inputs, manual constant voltage control was
used throughout the study. In addition, a Hewlett Packard 6216C power
supply was used to provide the turbine flow meter with its required 12-24
VDC supply.
Figure 3.6 - Power Supply
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3.4. Data Acquisition
Considerable effort was taken to incorporate a data acquisition system
into this study. By adding the ability to collect large amounts of data over
short intervals, it is possible to perform a more comprehensive
uncertainty analysis. The two primary parts of this system are hardware
and software.
3.4.1. Hardware
The data acquisition hardware for this study centered around a
National Instruments AT-MIO-16E-1 data acquisition card installed
in a Dell XPS Pentium II - 333Mhz computer. Among its many
features, this card has the required ability to read analog voltage
and current sources from the instruments being used during this
study.
Nearly all of the measurements taken were thermocouple readings.
An SCXI-1 102 thermocouple card and SCXI-1303 terminal block
were used in conjunction to provide a conditioned and temperature
compensated mV signal to the data acquisition board. The
thermocouple wire used in the heater stem and core was Omega
GG-K-36, while the thermocouple wire used to measure bulk fluid
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temperature was Omega GG-J-28. These were selected for their
high temperature glass insulation and wide measurement range.
The turbine flowmeter and signal conditioner were capable of
producing a linear 0-5 VDC signal in proportion to a 0-3.5097 GPM
flow rate. Since this output is much greater than those from the
thermocouples, it was not necessary to use a secondary signal
conditioner. Afeedthrough cable from the SCXI-1 000 chassis
provided a direct signal to the data acquisition board.
3.4.2. Software
The primary data acquisition software used for this study was
LabVIEW. Two interfaces, or "Virtual Instruments" were created in
order to monitor and log the data for further analysis.
The first of these Vl's was designed to monitor the system at one-
second intervals. There are indicators for the raw data (i.e.
thermocouple readings) as well as for real-time estimates of such
calculated quantities as heat flux and surface temperature. This VI
was used primarily to determine whether the system had reached
steady state conditions after increasing the heat flux. It also
incorporated audible alarms in case parameters such as maximum
heater temperature had been exceeded.
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The second VI was used to log the raw data to a spreadsheet file
for a more complete analysis. Rather than taking data at one-
second intervals, however, it was programmed to take 100 readings
per channel in one second to generate a statistical sampling of the
data rather than a "snapshot".
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4. Experimental Procedure
Before beginning the experiment each day, a certain amount of preparatory
work was necessary. Distilled waterwas added to the system to maintain a
5-1 0 gallon level in the basin throughout the test run. The cartridge filterwas
inspected for excessive build-up and replaced if necessary. High strength
acetone and 5-(im polishing solution were used to remove any fouling or
discoloration from the copper surface. Lastly, the thermocouples were
inspected and the data acquisition readings were compared to room
temperature to check for any problems.
Once all preparations were complete, the control valves were opened and the
recirculator was programmed to maintain the desired water temperature for
the test run. The secondary pumps were then turned on and the
inflow/outflow rates were adjusted by the control valves on the return and
supply sections of the flow loop. While warming up, the jet velocitywas fine-
tuned and the position of the jet was adjusted using the micrometer
adjustment device. The power supply was turned on to an initial setting of
20.0 VDC when the bulk fluid temperature was within a few degrees of the
desired setpoint.
Estimates for heat flux, wall temperature, heat transfer coefficient, and core
heater temperature were monitored graphically using LabVIEW. Steady state
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was determined as being a negligible change in these readings over a 150-
second interval. This took between 10-15 minutes depending on such
conditions as flow rate, subcooling, and mode of heat transfer (i.e. single
phase, boiling). After a steady state condition had been achieved, the flow
rate and bulk fluid temperature were checked for excessive fluctuations, and
the raw data was logged to a spreadsheet file for further analysis. The power
supplywas then increased in 2.5 VDC increments from 20.0-80.0 VDC. The
core heater temperature approached 650C at maximum heat fluxes, the
absolute highest allowed by the current design. Dual readings were taken at
80.0 VDC and then the power was reduced in 2.5 VDC intervals using the
same steady state criteria.
During the 10-15 minute transient between data points, the raw data was
imported into a spreadsheet file for preliminary analysis. Boiling curves were
generated to determine the onset of nucleate boiling and the associated
change in heat transfer coefficient. These were also useful in observing such
phenomena as temperature overshoot and dryout.
Upon reaching the minimum desired heat flux, the last set of data was taken
for the given flow rate and fluid subcooling. The power supply was shut off
while the pumps remained on to cool the heater to an acceptable limit (<
100C). The pumps were then shut down, along with the recirculator, and the
control valves were closed to keep the pumps flooded while not in use.
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5. Data Reduction
After the data had been logged for each experiment using LabVIEW, itwas
imported into an EXCEL spreadsheet file. The mean, maximum, minimum,
and standard deviation of each instrument reading was calculated and placed
on individual worksheets named according to its respective heater voltage.
Average readings for each point were then imported to a separate
spreadsheet file in which the following analysis was performed.
5.1. Temperature Profile
As mentioned previously, it is possible to obtain estimates of surface
temperature and heat flux using information obtained from the
temperature profile in the copper heater stem. Using the LINEST
command in EXCEL, a least squares linear curve was fit to the
thermocouple readings based on their location within the stem. The
slope of this line represented the temperature gradient (AT/Ax), while its
intercept provided an estimate of surface temperature (TWaii)-
5.2. Heat Flux
The heat flux (q"), which represents the power dissipated per unit area on
the heater surface, can be calculated from the temperature gradient and
thermal conductivity (k) of the stem based on the following relationship.
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q - - k
dx
Equation (5.1)
Thermal conductivity, however, is a function of material temperature.
Since the temperature of the copper changes significantly throughout
the experiment, the following correlation based on average heater
temperature was used to obtain k (Incropera & DeWitt, 1996).
(7) = -.0693 (r4rG )+ 421 . 15
0C<TArG <750C
Equation (5.2)
5.3. Jet Velocity
Jet velocity was calculated from the flow rate obtained by the turbine flow
meter in the supply portion of the flow loop according to the following
formula.
kD
2
Equation (5.3)
It is important to note that this represents a uniform velocity across the
nozzle exit. Some literature has made note of differences between this
velocity and that seen at the heater surface, which will be higher due to
gravitational acceleration.
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Vj=^Vy+2gZ
Equation (5.4)
This change in velocity will alter the stagnation pressure and saturation
temperature to some degree, but these changes have been deemed
insignificant to the current study.
5.4. Heat Transfer Coefficient
The heat transfer coefficient (h) was determined by rearranging Newton's
Law of Cooling. Heat flux, wall temperature, and fluid temperature are all
known from previous calculations.
^=KTWall-TMuid)
Equation (5.5)
5.5. Dimensionless Parameters
Reynolds (Re) number is a dimensionless representation of the ratio of
inertial forces to viscous forces within a flow. It is commonly used to
predict the existence of laminar and turbulent flow regimes.
ReAr PVXDX
Equation (5.6)
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The Boiling (Bo) number is a dimensionless parameter commonly used
in the correlation of flow boiling data. It represents the ratio of fluid
vaporized during boiling to that of the incoming fluid flow, and is based
upon (G), the mass flux of liquid through the nozzle.
Bo =
""
G*hls
Equation (5.7)
The Nusselt (Nu) number is a dimensionless representation of the heat
transfer coefficient. It is represented by the following expression.
AT
k*D
Nu =
Equation (5.8)
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6. Experimental Results
The intention of this section is to present the results of the current
experimental study. This will be followed by a discussion and error analysis
of selected findings.
6.1. Single Phase Data
The single-phase data obtained during this study has been plotted as
heat flux (q") versus temperature difference (AT=Twaii-TRuid) for each jet
velocity and liquid subcooling, as shown in Figure (6.1). Linear
trendlines were fitted to this data to determine the single-phase heat
transfer coefficient for each data run, represented by the slope of these
lines. These values can be seen in Table (6.1 ). Variations at each
subcooling can be attributed to temperature dependent property
changes. Although no tests were performed at saturated conditions, the
heat transfer coefficients can be extrapolated using the subcooled data.
Single Phase Heat Transfer Coefficient
1.5m/s(Re=26,882) 3.5 m/s (Re=62,724)
T_SUB (C) HTC (W/mA2-K) T_SUB (C) HTC (W/mA2-K)
0(EST) 25683 0(EST) 34854
20 24375 20 33434
40 22970 40 31670
60 21710 60 30422
Table 6.1 - Single Phase Heat Transfer Coefficient
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6.2. Onset of Nucleate Boiling Data
Boiling incipience can be determined graphically by examining Figures
(6.2) and (6.3), which are plots of heat transfer coefficient (h) versus
heat flux (q"). The heat transfer coefficient within the single-phase
regime is relatively constant, with the exception of changes in fluid
properties. Upon the initiation of boiling, however, there is a significant
increase with respect to increasing heat flux.
ONB for each condition was taken as the first data point with a
significant deviation from the single-phase heat transfer coefficient.
Similarly, a data point was taken while decreasing the power to
determine the minimum heat flux required to sustain boiling. For the
most part, these data points differed only slightly, and were usually
within one incremental change of heat flux. In the event of temperature
overshoot, these points were taken as the first points before and after
the excursion.
Onset ofNucleate Boiling Data
T_sub
(DegC)
VJet
(m/s)
Q"_ONB (Up)
(W/mA2)
Q"_ONB (Down)
(W/mA2)
DT_SAT (Up)
(DegC)
DT SAT (Down)
(DegC)
20 3.5 1.85E+06 1 .57E+06 32.98 24.95
20 1.5 9.41 E+05 8.86E+05 17.39 16.74
40 3.5 1 .86E+06 1 .76E+06 16.10 13.55
40 1.5 1.21E+06 1.14E+06 12.00 10.43
60 3.5 3.47E+06 3.46E+06 24.14 35.06
60 1.5 2.88E+06 2.74E+06 35.05 38.24
75 3.5 3.92E+06 3.48E+06 25.15 28.40
Table 6.2 - Onset of Nucleate Boiling
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Table (6.2) shows values of heat flux and wall superheat for ONB. It can
be seen from Figure (6.4) that increased jet velocity and liquid
subcooling directly effect the onset of nucleate boiling. Increasing either
of these parameters results in an increase in the heat flux required to
initiate boiling. The effect of subcooling tends to be much more
dramatic, however, in the event of temperature overshoot. The modiffied
Hsu correlation for ONB, Equation (2.2), has been plotted in the boiling
curves of Figures (6.5) and (6.6)
6.3. Temperature Excursion Data
Single-phase temperature overshoot has been a previously reported
phenomenon in jet impingement systems. Ma and Bergles (1 983)
reported that this overshootwas inversely proportional to both jet
velocity and liquid subcooling. The results from this study, however,
show the opposite effect. Although overshoot was seen at both jet
velocities, it occurred only at higher subcoolings (i.e. 60C, 75C). In
addition, the magnitude of this temperature change was greatest for the
higher jet velocity (3.5 m/s). Table (6.3) shows the temperature
excursion for the three conditions in which it occurred. These events
can also be seen quite easily from the boiling curve in Figure (6.6).
51
T_sub
(DegC)
VJet
(m/s)
AT_ex
(DegC)
60 3.5 9.0
60 1.5 1.5
75 3.5 5.6
Table 6.3 - Temperature Excursion
6.4. Fully Developed Boiling
Fully developed nucleate boiling was observed at both flow rates,
although it is undetermined whether it existed at higher subcoolings.
When plotted on a typical boiling curve, as shown in Figures (6.5) and
(6.6), most of the data converged at high heat fluxes and wall
superheats, with the exception of the highly subcooled data. A least
squares power curve was fit to the remaining data between 3
MW/m2
and 5 MWm2, shown in Figure (6.7). The resulting equation, which can
be seen in Figures (6.5) and (6.6), was able to predict the wall superheat
with a standard deviation of 1.31C.
2.98
q"=70*ATSAT
or
( "\1/2.98
A* SAT ~
V70y
Equation (6.1)
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6.5. Critical Heat Flux Data
A single occurrence of critical heat fluxwas seen during
experimentation, and can be seen in Figure (6.5). At a jet velocity of
1.5 m/s and subcooling of 20C, the wall superheat exceeded 80C
after taking a reading at 4.48 MW/m2. The heater rapidly approached
the maximum allowable temperature of 650C, preventing a steady
state reading at this condition.
Upon reaching dryout, the heat transfer coefficient dropped from
slightly over 72 kW/m2-K to just below 42 kW/m2-K instantaneously. It
must be noted once again that this was only a transient reading. A
loud hissing sound was present upon reaching this heat flux, and the
fluid seemed to be spraying approximately
45 to the horizontal.
Before the heater temperature reached dangerous levels, the jet
velocity was immediately increased and the heater power was reduced
to prevent the assembly from burning out.
6.6. Hysteresis
Although most studies have reported the effect of hysteresis to be
negligible in jet impingement systems, a noticeable difference can be
observed from the current data. At higher heat fluxes, the curves for
increasing and decreasing power seem to be relatively coincident. In
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the area of boiling incipience, however, significant changes can be
seen. For example, with a jet velocity of 3.5 m/s at a subcooling of
20C and heat flux of 2.43 MW/m2, the wall superheat for decreasing
heat flux is over 8.5C less than that seen for increasing heat flux, as
shown in Figure (6.6). Most other conditions, however, show
differences on the order of 2 to 3C.
6.7. Explanation of Figures
6.7 1. Figure (6.1)
Single-phase data was plotted for each jet velocity and liquid
subcooling in order to determine the single-phase heat transfer
coefficient. Trendlines, shown as solid lines, have been used to
determine the slope of heat flux versus temperature difference.
The slopes for these lines, along with the extrapolated data for
saturated water, have been included on Table (6.1).
6.7.2. Figures (6.2) & (6.3)
These are plots of heat transfer coefficient versus heat flux. At low
heat fluxes, one can see that they have a slope nearly equal to
zero. Upon the initiation of boiling, however, the slope begins to
increase significantly. The effect of hysteresis can also be seen in
these figures by the differences in increasing and decreasing heat
flux.
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6.7.3. Figure (6.4)
The data shown in Figure (6.2) has been plotted in this figure.
There is clearly dependence upon both jet velocity and liquid
subcooling in this figure. One can also see that there is a minor
difference in the heat flux required to both initiate and cease boiling.
6.7.4. Figures (6.5) and (6.6)
Boiling curves, represented as heat flux versus wall superheat, are
typical representations of boiling heat transfer. Most of the
phenomena discussed in this paper can be seen in these figures.
The correlations used for ONB and FDB have been shown here for
convenience.
6.7.5. Figure (6.7)
This is a chart of the accumulated FDB data. Its purpose is to show
the effectiveness of the modified Rohsenhow correlation, Equation
(2.5), in the absence of extraneous data.
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7. Discussion
7 1 . Onset of Nucleate Boiling
In this study, boiling incipience is shown to be directly related to both jet
velocity and fluid subcooling, with larger changes occurring after single-
phase temperature overshoot. The expression used by Shibawama
(1979), as given by Equation (2.2), tends to slightly underpredict the heat
flux required to initiate boiling, as shown by Figures (6.5) and (6.6). This
may be due to differences in surface characteristics, which are not taken
into account in this study.
Although the expression makes no mention of the parameter directly, the
effect of jet velocity can be related through the single-phase heat transfer
coefficient. The onset of nucleate boiling for each condition can be
represented mathematically by the intersection of the single-phase data
and the modified Hsu expression [Eq. (2.2)]. Since hto increases with
increased jet velocity, the simultaneous solution of these two curves will
occur at higher heat fluxes.
Similarly, liquid subcooling effects ONB through the definitions of the
temperature scales being used. Heat transfer in the single-phase regime
is directly proportional to the temperature difference between the wall and
the bulk fluid. Subcooling is defined as the temperature difference
between the bulk fluid and the saturation temperature. Wall superheat,
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however is defined as the surface temperature in excess of the saturation
temperature. Since the modified Hsu expression solves for wall
superheat, fluid subcooling is included as follows.
Q ONB="VWaJLONB
~ *Fluid)
= "\f^SAT,ONB+ ^SUB/ ~ TT^r I \ \^SAT/ONBl6aTSAT\ug-uf)
Equation (7.1)
7.2. Temperature Excursion
Single-phase temperature overshoot was seen with both jet velocities at
high liquid subcoolings (75C < ATsub ^ 60C). This can be seen in
Figure (6.6). As noted in the literature review, many researchers have
discovered this phenomenon to occur more frequently at low subcoolings
and jet velocities. The results from this study, although few in number,
appear to show the opposite effect. Although the magnitude of the
overshoot did appear to increase with subcooling at Vn = 3.5 m/s, it did
not seem to occur from 20C < ATsub < 40C.
A "hissing" sound accompanied each of these temperature excursions. It
occurred in a cyclical fashion, becoming louder with increased surface
temperature and softer with lower temperatures. This sound, which was
not documented in the reviewed studies, can be explained in terms of
bubble growth and collapsation on the heater surface.
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Upon reaching the saturation temperature, vapor begins to form within
the surface cavities. These early bubbles try to grow, but they collapse
upon making contact with the subcooled bulk fluid. As the thermal
boundary layer above the heater grows, the bubbles become larger and
larger, although collapsing each time they reach the bulk fluid. The
collapsing bubbles impacting the surface most likely cause this sound. At
some point, the thermal boundary layer becomes sufficiently large to
allow the vapor bubbles to detach from the surface and enter the flow.
The periodic nature of this sound is perhaps due to the regeneration of
the thermal boundary layer after bubble collapsation.
7.3. Fully Developed Boiling
The fully developed boiling data obtained during this study appears
representative of that obtained during previous studies. A great deal of
day-to-day scatter occurred which cannot be directly related to either of
the parameters studied during the experiment. This may be due to
changes in the boiling surface caused by daily cleaning and polishing.
The overall trend of FDB portions of the boiling curve, as seen in Figures
(6.5) and (6.6), appears to be independent of both jet velocity and liquid
subcooling.
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The Rohsenhow correlation (1952) for nucleate pool boiling over-
predicted the heat flux required for a given wall superheat by almost a
factor of two. By making a minor adjustment in the value of Cs,f, a
parameter representing the fluid/surface combination, from 0.01 3 to
0.016, an very close match was obtained between this expression and
the least squares data fit performed on the fully developed boiling data. It
is important to note that this surface-fluid combination factor already
changes from .0068 for scored copper surfaces to .0013 for polished
surfaces. Equation (7.2) is extremely sensitive to this number, and such
adjustments should be taken with caution. The significance of this
equation can be seen better its dependence upon wall superheat. Note
that the exponents in Equation (7.2) and (6.1) are nearly identical. Below
is a reprint of the current data correlation and the Rohsenhow expression
with a modified fluid/surface coefficient.
FDB
Mfhfg
-i0.5
(Pf-Pg)8\ f c4
Cp,f^1SAT
-i3
Pr;"
Cj {Modified ) = .016
n(Copper ) = 1.0
^=70.0* AT-,3.0SAT
Equation (7.2)
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7 4. Hysteresis
Both Ma and Bergles (1983) and Nonn et al. (1988) observed hysteresis
in jet impingement systems to be insignificant between successive
increases and decreases in heat flux. This effect was extremely
noticeable, however, during the current study at high jet velocity and low
subcooling. In each case, the wall superheat at a given heat flux was
less for decreasing power than for increasing power. The magnitude of
this change can been seen in Figures (6.5) and (6.6).
Upon the initiation of boiling, a certain number of active surface cavities
are present in which boiling begins. With increasing heat flux, some
cavities which were originally inactive begin to generate vapor bubbles.
As heat flux is decreased, these sites continue to remain active, leading
to more effective heat transfer while decreasing the heat flux than while
increasing it.
7.5.Critical Heat Flux
Due to the design of the heater used in this experiment, CHF was
determined as being an unsafe condition to operate within. Despite that,
a single occurrence was observed at the lowest flow rate and subcooling.
It occurred at a much lower heat flux than that estimated by the L-regime
of CHF, and the mechanisms behind it are still unknown. Upon reaching
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CHF, the surface temperature jumped from 141.28C to 183.09C almost
instantaneously. As mentioned within the experimental procedure
section, a steady state reading was not possible due to the rapidly
increasing core heater temperature. The effect of CHF on the boiling
curve and heat transfer coefficient can be seen in Figures (6.2) and (6.5).
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8. Uncertainty Analysis
There is a certain amount of uncertainty inherent with any experimental
procedure. This error is present in the raw data, and propagates throughout
such solutions as those for surface temperature, heat flux, and heat transfer
coefficient. The data acquisition used for this study was able to provide
sufficient data in order to perform this analysis. The calculations shown have
been performed for the test where Vjet=1 .5 m/s and TSub=40C. A 95%
confidence interval has been used throughout this uncertainty analysis.
Figure (8.1) is a graphical representation of the definitions for bias and
precision limits, which are discussed in the following sections.
8.1. Bias Limit
The bias limit is an estimate of the known error in an experimental setup,
and does not change, regardless of sample size. It is caused by such
factors as a lack of linearity in a measurement scale. The value for the
bias limit can be calculated analytically, determined through calibration,
or taken from manufacturer specifications. The bias limit for a calculated
parameter can be calculated according to the following equation.
BR =
i=i
, 1/2
rn 8R
Equation (8.1)
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8.2. Precision Limit
The precision limit is a measure of the lack of repeatability in a
measurement. By taking a large sample of data, one can see that there
is a certain amount of variation about the mean. When using a
sufficiently large sample size (>30), the precision limit can be calculated
as twice the standard deviation for a 95% confidence interval. For
calculated parameters, the precision limit can be determined by using the
following formula.
Pr
2-]l/2
Equation (8.2)
8.3. Uncertainty Limit
The total uncertainty is a combination of both the precision limit and bias
limit. It can be calculated according to the following formula.
UR=pZ+B2R
Equation (8.3)
8.4. Summary
Figure (8.2) shows that the uncertainty in heat flux changes significantly
at the low end of the spectrum. The same phenomenon can be seen in
figure (8.3), which shows the uncertainty in heat transfer coefficient. This
is primarily due to the fact that small temperature fluctuations have a
greater effect when Twan-Tfiuid is small. The bias limit has a much greater
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effect on total uncertainty than the precision limit for each of these
factors. Tables (8.1) thru (8.5) show uncertainty results for such
parameters as jet velocity, Reynolds number, Boiling number, and
Nusselt number.
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Figure 8.1 - Bias & Precision Limit
{Reprinted from Wheeler & Ganji (1996)}
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Measurement Bias Limits
Temperature Measurements 0.25 Deg C
Thermocouple Location 0.25 mm
Nozzle Diameter 0.05 mm
Thermal Conductivity 0.40 W/mA2-K
Flow Rate 0.47 %
Table 8.1 - Bias Limits Used in Calculations
Mean Results
Q" HTC V NOZ Re Bo Nu
3.296E+05 2.059E+04 1.666 28597 0.092 0.260
6.953E+05 2.219E+04 1.497 25697 0.215 0.281
1.215E+06 2.339E+04 1.495 25655 0.376 0.298
1.861E+06 2.706E+04 1.496 25687 0.575 0.348
2.654E+06 3.545E+04 1.499 25725 0.819 0.458
3.651 E+06 4.808E+04 1.498 25718 1.127 0.625
4.768E+06 6.059E+04 1.502 25779 1.469 0.793
Table 8.2 - Mean Results of Calculations
Bias Limit (%)
Q" HTC V NOZ Re Bo Nu
11.55 11.97 6.301 6.66 12.60 12.01
8.63 8.78 6.301 6.66 10.24 8.83
7.99 8.05 6.301 6.66 9.75 8.11
7.77 7.81 6.301 6.66 9.58 7.87
7.81 7.84 6.301 6.66 9.61 7.91
7.86 7.89 6.301 6.66 9.65 7.95
7.90 7.92 6.301 6.66 9.68 7.99
Table 8.3 - Bias Limit of Calculations
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Precision Limit (%)
Q" HTC V NOZ Re Bo Nu
3.68 7.06 122.804 128.21 117.68 7.06
2.10 4.69 3.002 3.13 3.51 4.69
1.37 2.68 2.985 3.12 3.15 2.68
0.62 1.45 2.991 3.12 2.93 1.45
0.52 1.66 2.891 3.02 2.81 1.66
0.39 1.35 2.846 2.97 2.75 1.35
0.39 1.67 2.780 2.90 2.69 1.67
Table 8.4 - Precision Limit of Calculations
Uncertainty Limit (%)
Q" HTC V NOZ Re Bo Nu
12.12 13.89 122.966 128.38 118.35 13.93
8.88 9.95 6.979 7.36 10.82 10.00
8.11 8.49 6.972 7.35 10.24 8.55
7.80 7.94 6.975 7.36 10.02 8.00
7.83 8.01 6.932 7.31 10.02 8.08
7.87 8.00 6.914 7.29 10.04 8.07
7.91 8.10 6.887 7.27 10.04 8.16
Table 8.5 - Combined Uncertainty Limit of Calculations
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9. Conclusion
This paper has provided a fundamental background on the effects of boiling
heat transfer on liquid jet impingement. The test apparatus created for this
study has been sufficiently characterized and validated in order to perform
many types of future testing. A wide variety of phenomena have been
observed, including the onset of nucleate boiling (ONB), single-phase
temperature overshoot, fully developed boiling, hysteresis, and critical heat
flux (CHF).
9.1 . Further Research Needs
Flow boiling enhancements have been a prime research area within RITs
Thermal Analysis Laboratory. Spiesmann (1998) and King (1999) have
performed flow boiling experiments on both roughened and structured
surfaces. These topics could easily be extended to the field of jet
impingement. This is the direction in which much of the research is
headed.
Only a limited number of fluid surface combinations have been tested in
jet impingement systems. The pre-fluorinated lines of dielectric liquids,
such as FC-77, seem very promising in direct electronics cooling, but
further characterization is needed. The effect of additives, such as that
performed by Bulut (1999) with ethylene glycol, could also be of interest
in the field of jet impingement.
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The heater used in the current study was limited by maximum heater
temperature. This shortcoming can be improved by creating a larger
heater base or utilizing a foil type heater. A great deal of time was spent
creating a stainless steel foil heater at the beginning of this study. The
original intent was to obtain local heat transfer measurements across the
entire jet profile. Unfortunately, the assembly burned out during each
experimental attempt. It was therefore necessary to limit this thesis to
data taken in the stagnation region using a more rugged heater design.
More research needs to be done in the area of single-phase temperature
overshoot. Although this phenomenon was observed during the current
study, it is difficult to draw conclusion based on such limited data. Rather
than obtaining entire boiling curves for each flow condition, future work
can be done by concentrating specifically on this temperature excursion.
Extremely high resolution plots can be performed, showing the periodic
nature of this phenomenon in more detail.
Photographic analysis was attempted as part of this study by use of a
digital camera and 8-mm Camcorder. The results, however, were
inadequate to be included as part of this thesis. A method should be
devised to use the Thermal Analysis Laboratory's high-speed Kodak
video camera to capture images such as bubble formation at the
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stagnation point. Such images would improve our ability to predict the
onset of nucleate boiling. One of the problems in obtaining such images
was that a tremendous amount of condensation occurred on the
transparent Lexan basin.
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Appendix A
Experimental Data
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